The glycolipid α-galactosylceramide (α-GalCer) has been shown to bind CD1d molecules to activate invariant natural killer T (iNKT) cells, and subsequently induce activation of various immune-competent cells, including dendritic cells, thereby providing a significant adjuvant effect for various vaccines. However, in phase I clinical trials, α-GalCer was shown to display only marginal biological activity. In our search for a glycolipid that can exert more potent stimulatory activity against iNKT cells and dendritic cells and produce an adjuvant effect superior to α-GalCer, we performed step-wise screening assays on a focused library of 25 α-GalCer analogues. Assays included quantification of the magnitude of stimulatory activity against human iNKT cells in vitro, binding affinity to human and murine CD1d molecules, and binding affinity to the invariant t cell receptor of human iNKT cells. Through this rigorous and iterative screening process, we have identified a lead candidate glycolipid, 7DW8-5, that exhibits a superior adjuvant effect than α-GalCer on HIV and malaria vaccines in mice.
The glycolipid α-galactosylceramide (α-GalCer) has been shown to bind CD1d molecules to activate invariant natural killer T (iNKT) cells, and subsequently induce activation of various immune-competent cells, including dendritic cells, thereby providing a significant adjuvant effect for various vaccines. However, in phase I clinical trials, α-GalCer was shown to display only marginal biological activity. In our search for a glycolipid that can exert more potent stimulatory activity against iNKT cells and dendritic cells and produce an adjuvant effect superior to α-GalCer, we performed step-wise screening assays on a focused library of 25 α-GalCer analogues. Assays included quantification of the magnitude of stimulatory activity against human iNKT cells in vitro, binding affinity to human and murine CD1d molecules, and binding affinity to the invariant t cell receptor of human iNKT cells. Through this rigorous and iterative screening process, we have identified a lead candidate glycolipid, 7DW8-5, that exhibits a superior adjuvant effect than α-GalCer on HIV and malaria vaccines in mice.
A lpha-Galactosylceramide (α-GalCer), a glycolpid composed of α-linked sugar and lipid moieties, is a well known specific lipid antigen for invariant natural killer T (iNKT) cells (1) . This α-GalCer is presented by CD1d, a MHC class I-like molecule, which is then recognized by the invariant t cell receptor (invTCR) of iNKT cells. After recognition, α-GalCer activates iNKT cells to rapidly produce large quantities of Th1 and Th2 cytokines (2) , and subsequently induces a cascade of activation of various immune competent cells, including dendritic cells (DC) (3, 4) , natural killer (NK) cells (5, 6) , B cells (7, 8) , and CD4 + and CD8 + T cells (9, 10) . α-GalCer can therefore be used not only as a potential therapy for autoimmune diseases, infectious diseases, and cancer (11, 12) , but also as an adjuvant to enhance the efficacy of various vaccines (13) . We have previously shown that coadministration of α-GalCer with malaria vaccines enhanced their immunogenicity and efficacy and that the adjuvant effect of α-GalCer was mediated by IFN-γ (14) . Other research has shown that mice immunized with DNA vaccines or proteins coinjected with α-GalCer developed antibody titers 1 to 2 logs higher than those induced by DNA vaccines or proteins alone (15, 16) .
Several studies regarding the structure-activity relationship (SAR) of glycolipid binding to CD1d have shown that alterations in glycolipid structure will result in different biological activities. For example, truncation of the fatty acyl chain or the phytosphingosine group of the glycolipid has been shown to decrease Th1 response (17, 18) , whereas introduction of an aromatic group to the fatty acyl chain or sphingosine tail has been shown to enhance the production of Th1 cytokines (19, 20) .
In this study, we generated a library of 25 synthetic analogues of α-GalCer according to previously established SAR of the glycolipids ( Fig. 1 and Fig. S1 ). We then screened this focused library to identify a glycolipid that can potently activate iNKT cells and dendritic cells (DCs) and thus display robust adjuvant activity. It is our goal that the discovery of such a glycolipid-based adjuvant will ultimately be applicable to a wide variety of DNA and viral vaccines in humans.
Results
Profile of IFN-γ and IL-4 Production by Human iNKT Cells in Response to Glycolipids Presented by HeLa-hCD1d. From the first set of screening assays, in which a human iNKT cell line was cocultured with HeLa cells transfected with human CD1d molecules in the presence of each glycolipid listed in Fig. 2 , we found that several analogues induced significantly higher IFN-γ secretion than α-GalCer (Fig. S2A) . Interestingly, C27, C28, and C29, which have a longer fatty acyl chain than α-GalCer, exhibited noticeably decreased IFN-γ production (Fig. S2A ). In addition, compared with analogues that have a single benzene ring, those having two benzene rings (C21, C25, and C26) failed to stimulate human iNKT cells. Finally, 6DW135, 6DW138, C12, and C13, all of which have a terminal phenyl ring at the end of a truncated phytosphingosine chain, were unable to stimulate human iNKT cells to produce a substantial amount of IFN-γ (Fig. S2A) . As for IL-4 production, although similar trends regarding SAR were observed, the difference was much less compared with that seen in IFN-γ production (Fig. S2B) . Based on the level of IFN-γ produced by the glycolipids, we selected nine analogues-C11, C18, C22, C23, C24, 6DW116C9, 7DW8-4, 7DW8-5, and 7DW8-6-as initial candidates for further assessment of their biological activities. We also included α-GalCer and 13 C, which has a modified and truncated phytosphingosine chain and shows minimal activity, as controls.
Level of Cytokines Produced by Human iNKT Cells in Response to
Glycolipids Presented by Autologous DCs. As immature DCs are known to efficiently present α-GalCer in vivo (13), we used autologous immature DCs as antigen-presenting cells (APCs). It was found that coculture of human iNKT cells and autologous DCs secreted IFN-γ, IL-4, GM-CSF, and IL-12 in the presence of all of the selected analogues. In particular, C18, C22, C23, 7DW8-5, and 7DW8-6 were shown to induce a significantly higher level of all of the Th1-related cytokines, IFN-γ, IL-12, and GM-CSF, than the parental compound, α-GalCer (Fig. S3) . The control, C13, having a modification in the phytosphingosine chain, failed to elicit any cytokines in vitro. Collectively, these results indicate that DCs cannot only present the selected compounds to human iNKT cells and activate them, but may, in turn, get activated to secrete IL-12 and GM-CSF. Based on the results from this set of assays, we selected five analogues, which include C18, C22, C23, 7DW8-5, and 7DW8-6, for further assessment of their biological activities. hCD1d in the presence of a wide range of concentration of each glycolipid, ranging from 10 −2 to 10 3 nM. Twenty-four hours later, the concentration of IFN-γ in the cultured supernatants was determined by ELISA, and the level of IFN-γ secretion was plotted against glycolipid concentration (Fig. 3A) . As shown in Fig. 2B , all the selected compounds have lower EC 50 values than α-GalCer. In particular, 7DW8-5 has the lowest EC 50 with regard to its stimulatory activity against human iNKT cells, and the EC 50 value is almost 140-fold lower than that of α-GalCer. The rest of the selected glycolipids also showed a much lower EC 50 than that of α-GalCer. We then determined a comprehensive dose-response comparison of 7DW8-5 versus α-GalCer by adding from 10 pg/mL to 1 μg/mL of each to the coculture of a human iNKT cell line and HeLahCD1d. We found that 7DW8-5 could stimulate human iNKT cells to produce a similar level of IFN-γ to those induced by a 100-fold higher amount of α-GalCer (Fig. 3C ), thus indicating that 7DW8-5 has 100-fold higher dose-sparing effect than α-GalCer. Similarly, when we added a wide range of the two glycolipids to the coculture of a mouse iNKT hybridoma and A20 cells expressing mouse CD1d, we found that 7DW8-5 could exhibit more than 1,000-fold higher dose-sparing effect than α-GalCer (Fig. 3D ).
IFN-γ Production from Human PBMCs in Response to Glycolipids
Presented by Autologous DCs. To determine the relative number of peripheral blood mononuclear cells (PBMCs) that react with glycolipids, an ELISPOT assay was performed. We cocultured human PBMCs and autologous immature DCs as APCs in the presence of the glycolipids for 24 h in ELISPOT plates. As human PBMCs were used rather than iNKT cell lines, this assay more closely approximates the biological activity of glycolipids in humans. Based on the results with the use of PBMCs from two different donors, we found that 7DW8-5 consistently stimulated the highest number of PBMCs to secrete IFN-γ, which was significantly higher than that induced by α-GalCer (Fig. S4) . The other four selected analogues also induced a significantly higher number of human PBMCs secreting IFN-γ than α-GalCer (Fig. S4 ).
Maturation/Activation of Human Immature DCs by Glycolipids. The five selected analogues-C18, C22, C23, 7DW8-5, and 7DW8-6-were also subjected to an assay that determines their abilities to induce maturation/activation of human DCs in vitro. For this purposes, we isolated immature human DCs and cocultured them with human iNKT cells in the presence or absence of the glycolipids, as described (21) . By FACS analysis, we found that the expression of DC maturation/activation markers, specifically CD86 ( Fig. S5A ) and HLA-DR (Fig. S5B ), was strongly up-regulated upon incubation with all five glycolipids, and the mean fluorescence intensity of the expression of both molecules was higher than that with α-GalCer. These results are in agreement with those obtained by measuring the levels of IL-12 and GM-CSF secreted by autologous DCs as shown in Fig. S3 , and together indicate that the five selected glycolipids are potent inducers of human DC maturation and activation to a degree stronger than α-GalCer.
Binding Affinity of Glycolipids to CD1d Molecules. We have recently developed a competitive binding ELISA to investigate the binding affinity between CD1d and glycolipids independent of invTCR recognition (22) . In this competition assay, we used biotinylated 18:1 PE lipid as an indicator because 18:1 PE lipid was shown to bind CD1d molecules without being recognized by iNKT cells (23) . Through this assay, we were able to determine the binding of selected analogues to both human and mouse CD1d molecules ( Fig. 3 A and B) , per the IC 50 values presented in Fig. 4C . In short, 7DW8-5 displayed the lowest IC 50 among the analogues to human and mouse CD1d molecules in the competitive binding ELISA (Fig. 3C) , indicating that, of all analogues tested, 7DW8-5 has the 4 HeLa-hCD1d cells in the presence of escalating doses of each glycolipid as described previously (21, 23) . After 24 h incubation, the cultured supernatants were collected and the concentration of human IFN-γ was determined by ELISA. The level of IFN-γ secretion was then plotted against glycolipid concentration. Sigmoid dose-response curves were fitted by GraphPad Prism software. EC 50 was calculated with sigmoid dose-response formula by GraphPad Prism software (B). (D) Mouse iNKT hybridoma cells (2 × 10 4 ) were cocultured with 2 × 10 4 A20-mCD1d in the presence of indicated concentrations of each glycolipid as described previously (21, 23) . After 24 h incubation, the culture supernatants were collected and the concentrations of murine IL-2 in the supernatants were determined by ELISA. In A, C, and D, the results represent one of two similar experiments.
strongest affinity to CD1d molecules of human or mouse origin. As expected, C13, which contains a modification at a truncated phytosphingosine chain, has a lower affinity to both CD1d molecules compared with α-GalCer (Fig. 4C) . We have previously shown that IFN-γ mediates the adjuvant activity of α-GalCer on malaria vaccines in mice (14) . Therefore, we calculated the correlation between the binding affinity of glycolipids to CD1d molecules and their biological activity, as indicated by the EC 50 values shown in Fig. 2B . We found that a slight correlation (R 2 = 0.8052) exists between the two values ( Fig. 3D) , with a P value of 0.061.
Binding Affinity of Glycolipid-CD1d Complex to invTCR of Human iNKT cells. To determine the binding affinity of glycolipid-CD1d complex to invTCR of iNKT cells, we have used a FACS-based method to evaluate the avidity between glycolipid-CD1d complex and invTCR, as previously described (23, 24) . Because glycolipidloaded hCD1d dimer stains iNKT cells through interacting with their invTCR, it is reasonable to assume that this method can assess the binding of glycolipid-hCD1d complex to the TCR. We found that hCD1d:Ig dimers loaded with 7DW8-5 exhibited the strongest avidity to human iNKT cells (Fig. 4A) , with a K d value that is more than threefold lower than that of α-GalCer (Fig. 4B) . C13 displayed the lowest avidity to the invTCR of human iNKT cells (Fig. 4B) . When we calculated the correlation between the affinity of glycolipids to the invTCR of human iNKT cells and their stimulatory activity against human iNKT cells as determined by the EC 50 value in Fig. 2B , we found a strong inverse correlation between the two parameters (R 2 = 0.9315), with a P value of 0.0004 (Fig. 4C) . From the aforementioned assays, we selected one leading candidate glycolipid, 7DW8-5, for further assessment of its adjuvant activity.
Adjuvant Effects of 7DW8-5 on HIV Vaccines. To test the adjuvant activity of 7DW8-5 and compare it with that of its parental compound, α-GalCer, we evaluated the level of their adjuvant activity by using a recombinant adenovirus expressing HIV p24 antigen, Adp24, as well as naked DNA plasmid encoding p24-DNA-p24-as a template vaccine. With regard to Ad-p24 immunization regimen, groups of BALB/c mice received coadministration of a suboptimal dose of the Ad-p24 and 1 μg of either glycolipid, and 2 wk later, the relative number of epitope-specific CD8 + T cells secreting IFN-γ was determined by an ELISPOT assay. We also measured the antip24 antibody titer in the sera by an ELISA. We found that the 7DW8-5 was able to display an adjuvant effect more potent than that of α-GalCer, increasing by more than twofold the level of p24-specific CD8 + T cell response (Fig. 5A ). 7DW8-5 was also able to exhibit a stronger adjuvant effect on the humoral response to Adp24, although the difference was less pronounced (Fig. 5B) . Similarly, when coadministered with DNA-p24, 7DW8-5 displayed a more potent adjuvant effect on both the p24-specific CD8 + T cell response and anti-p24 antibody response (Fig. 5 C and D) , again, the difference being more evident for CD8 + T cell response.
Adjuvant Effects of 7DW8-5 on HIV Vaccines in CD1d-Deficient Mice.
To confirm that the adjuvant effect of 7DW8-5 on HIV vaccines is mediated by CD1d molecule, CD1d-deficient mice with a BALB/c background that also lack iNKT cells, as well as WT BALB/c mice, were immunized with HIV vaccines coadministered with 7DW8-5 or α-GalCer, and the level of p24-specific CD8 + T cell response was measured by an ELISPOT assay. As expected, 7DW8-5 greatly enhanced the p24-specific CD8 + T cell response induced by either DNA-p24 or Ad-p24 in WT BALB/c mice, but failed to display any adjuvant effect in CD1d-deficient mice immunized with DNA-p24 or Ad-p24 (Fig. S6) .
Adjuvant Effects of 7DW8-5 on Malaria Vaccines. Because of the lack of an appropriate challenge model for HIV vaccines, we opted to use a malaria challenge model to determine the adjuvant effect of 7DW8-5 on the efficacy of a malaria vaccine. For this purpose, mice were immunized with a suboptimal dose of a recombinant adenovirus expressing a Plasmodium yoelii CS protein, AdPyCS, together with 1 μg of either glycolipid. One group of immunized mice were killed to determine the base level of PyCS-specific CD8 + T cell response, as well as the anti-PyCS antibody response. Another group of immunized mice, as well as naive mice, were challenged with P. yoelii sporozoites 2 wk later, and the amounts of parasite burden in the liver were measured by real-time PCR as previously described (14) . We found that 7DW8-5 enhanced the malaria-specific CD8 + T cell response significantly more than α-GalCer (Fig. 6A) and it also enhanced the malaria-specific humoral response equally, if not slightly stronger than α-GalCer (Fig. 6B) . Most importantly, 7DW8-5 was able to display a significantly stronger adjuvant effect than α-GalCer in enhancing protective efficacy of AdPyCS after a single immunizing dose (Fig. 6C) . We have shown in Fig. 2B that the EC 50 of 7DW8-5 is almost 140-fold lower than that of α-GalCer. Therefore, we decided to determine a comprehensive dose-response relationship of the adjuvant effect of 7DW8-5 compared with that of α-GalCer by coadministering a wide range of serially diluted amounts of glycolipid (100 pg to 1 μg/mL) to mice vaccinated with a suboptimal dose of AdPyCS (5 × 10 6 pfu). We found that coadministration of 1 ng of 7DW8-5 elicited a similar level of PyCSspecific CD8 + T cell response compared with that induced by 100 ng of α-GalCer (Fig. 6D) , thus indicating the approximately 100-fold higher dose sparing adjuvant effect of 7DW8-5 compared with α-GalCer. In addition to this dramatic dose sparing effect, 7DW8-5 displayed a more potent adjuvant capacity; inducing a peak level of PyCS-specific CD8 + T cell response that is approximately 50% greater than that of α-GalCer (Fig. 6D ).
Discussion
We have previously shown that α-GalCer can be used as an adjuvant for malaria vaccines in the mouse model, and that the adjuvant effect is mediated by IFN-γ. In this regard, the identification of a glycolipid that can trigger a robust IFN-γ response may lead us to discover a more potent glycolipid-based adjuvant platform. In this study, we screened a focused library consisting of 25 analogues of α-GalCer listed in Fig. 1 through a series of step-wise bioassays and identified a lead clinical candidate, named 7DW8-5, that displays superior adjuvant activity on HIV and malaria vaccines in mice. Structurally, 7DW8-5 possesses a fluorinated benzene ring at the end of C8 length fatty acyl chain. 7DW8-5 was able to exert a 140-fold higher dose sparing effect than its parental compound, α-GalCer, in stimulating human iNKT cells (Fig. 2B) , and a 100-fold higher dose sparing effect than α-GalCer in displaying the adjuvant effect (Fig. 6D) . In addition, coadministration of 7DW8-5 with a malaria vaccine induced an approximately 50% higher peak level of PyCS-specific CD8 + T cell ELISPOT response than that displayed by α-GalCer. Finally, 7DW8-5 displayed the strongest binding affinity to human and mouse CD1d molecules, as well as invTCR of human iNKT cells, which are well correlated with their EC 50 values for stimulating human iNKT cells to secrete IFN-γ.
From a vaccine development perspective, it is imperative to develop an adjuvant agent that enables vaccines to induce high levels of the cell-mediated and humoral immune responses, which results in more potent overall protective immunity. Recently, there have been increasing numbers of strategies to discover new adjuvant agents. These approaches are based on proteins, DNA, RNA, lipids, or sugars, which can be a ligand for Toll-like receptors, Notchlike receptors, Fc receptors, or other receptors expressed by professional APCs (25) (26) (27) . The advantage of discovering a new adjuvant agent based on a CD1d-binding, iNKT-stimulatory glycolipid, like α-GalCer, is that the phenotypic and functional properties of the CD1d molecules and invTCR of iNKT cells have been conserved between humans and mice, thereby allowing us to predict the activity of glycolipids in humans through mouse studies to a certain extent. In addition, the parental glycolipid, α-GalCer, has 7 pfu of Ad-p24 together with 1 μg of glycolipid, and 2 wk later, splenocytes and sera were collected from immunized mice. (A) Splenocytes were used to determine the relative number of IFN-γ-secreting CD8 + T cells by an ELISPOT assay, and in B, sera were used to determine the titers of anti-p24 antibody by ELISA. (C and D) Groups of BALB/c mice (n = 5) were immunized intramuscularly with 50 μg of DNA-p24 together with 1 μg of each glycolipid, and 3 wk later, the mice were boosted with 50 μg of DNA-p24 alone. Two weeks after the boost, the relative number of IFN-γ-secreting CD8 + T cells (C), as well as the titers of anti-p24 antibody (D) were determined as in A and B, respectively. In all experiments, the data were expressed as the mean ± SD of five mice, and results represent one of three similar experiments. been approved and well characterized in terms of safety and activity in humans through previously completed phase I clinical trials. As such, we anticipate that 7DW8-5 would have a similar safety profile in humans because of the same clear CD1d-dependent adjuvant activity of this structurally similar α-GalCer analogue. Additionally, glycolipids used as vaccine adjuvant agents would be administered in much smaller quantities intramuscularly than the large doses currently dispensed i.v. for cancer therapy, further minimizing the potential systemic side effects.
Recent crystal structure studies of glycolipid-CD1d complexes have revealed that the lipid portion of glycolipids fits into the CD1d binding groove with some diversity (28) (29) (30) (31) . Biological studies on α-GalCer analogues have shown that the modification of the lipid chain determines Th1/Th2 balance (32, 33) . Therefore, attempts have been made to synthesize α-GalCer analogues with modifications in the lipid portion aiming to selectively induce Th1 cytokine secretions. In this study, our search for α-GalCer analogues that induce a Th1-biased response and as well as a potent adjuvant effect, allowed us to identify several rules that govern their SAR.
First, by testing the activities of analogues that have a terminal phenyl group after various carbon spacer lengths on a fatty acyl chain, we found that, for glycolipids to display optimal biological activity, particularly the ability to stimulate iNKT cells to produce IFN-γ, the carbon length of the acyl chain should be between 6 and 11. If the carbon length of the fatty acyl chain is longer than 15, e.g., C27, C28, and C29, the glycolipid drastically loses its ability to induce IFN-γ. This may be because the A′ pocket in the CD1d hydrophobic groove is unable to accommodate a glycolipid with a fatty acyl chain having a terminal benzene ring beyond a 15-carbon spacer length. Second, modification of a terminal benzene ring at the fatty acyl chain of analogues appears to alter the ability to induce IFN-γ. By adding -OMe, -F, or -CF 2 to the terminal benzene ring of compounds, C10 (6-carbon length), C11 (8-carbon length), and C16 (11-carbon length), glycolipids were able to induce a higher level of IFN-γ, whereas the introduction of an additional benzene ring to the terminal benzene ring of these compounds, dramatically reduced the ability to induce IFN-γ secretion. Our previous docking model study had indicated that introduction of a terminal phenyl group in the α-GalCer analogues appears to promote additional hydrogen bonding between the benzene ring of fatty acyl chain and the aromatic residues that are present on the wall of A′ pocket in the CD1d hydrophobic groove (19) . It is likely that an addition of a small radical group to the benzene ring enhances this interaction and forms a more stable glycolipid-CD1d complex. The recent crystal structures of the complexes consisting of mouse CD1d and analogues C10, C11, C15, or C23, show that the terminal phenyl ring of the acyl chain formed a higher number of van der Waals contacts with A′-pocket than the alkyl fatty acyl chain, and, furthermore, the appended phenyl atoms were restrained in conformation, which decreased the loss of entropy upon binding (34) . These findings suggest that α-GalCer analogues with a terminal phenyl ring in the acyl chain may have more steady binding with CD1d molecules. In addition to the van der Waals contacts, a fluorine, inserted at a paraposition of the phenyl ring of C11, also strengthened the acyl chain binding of C23 with CD1d molecules by forming a neutral hydrogen bond (34) . In contrast, because of the limited space in the A′ pocket of the binding groove, a fatty acyl chain carrying double benzene rings became too bulky to be contained. Third and finally, the introduction of a terminal benzene ring to the truncated phytosphingosine chain decreased the ability of glycolipids to bind CD1d molecules and produce cytokines. In particular, the analogue, named C13, which carries a very short phytosphingosine chain with a terminal benzene ring, failed to stimulate human iNKT cells and a mouse iNKT hybridoma to secrete IFN-γ/IL-4 or IL-2, respectively, and has also been shown to have a very weak binding affinity to CD1d molecules. The weakened binding affinity may be explained by the fact that the F′ pocket of the CD1d binding groove, in which phytosphingosine chain is inserted, has less space than the A′ pocket and is unable to accommodate even a small aromatic group.
Although the measurement of in vitro cytokine production induced by glycolipid analogues allowed for the selection of the best lead adjuvant candidate for testing, as shown in Fig. 2 and Fig.  S2 and Fig. S3 , the binding affinity of glycolipids to the invTCR of human iNKT cells (Fig. 4C) , to the contrary, provided the better correlate to the biological activity of selected glycolipidseven more so than the binding affinity to murine and human CD1d molecules (Fig. 3D) . This indicates that a glycolipid's binding affinity to human iNKT cells may have a better predictive value for its biological function than its binding affinity to CD1d molecules. Thus future screening assays may incorporate invTCR binding affinity as a selection criterion for more potent glycolipidbased adjuvants.
In summary, through a multitude of step-wise in vitro and in vivo biological assays, the present study has identified a lead candidate glycolipid as a vaccine adjuvant from a focused library of 25 synthetic analogues of α-GalCer. We have indentified that a glycolipid, named 7DW8-5, shows the strongest biological activity against human and mouse iNKT cells in vitro, the highest affinity against human and mouse CD1d molecules, as well as invTCR of human iNKT cells, and, ultimately, the most potent adjuvant activity on HIV/malaria vaccines in mice. This lead glycolipid will be tested for its adjuvant effect on a candidate vaccine under a phase I clinical trial in the near future. pfu of AdPyCS together with 1 μg of glycolipid, and 2 wk later, splenocytes and sera were collected from immunized mice. (A) Splenocytes were used to determine the relative number of IFN-γ-secreting CD8 + T cells by an ELISPOT assay, and (B) sera were used to determine the titers of anti-p24 antibody by ELISA. (C) Some groups of AdPyCS-immunized, glycolipid-treated mice were challenged with 10 4 infective sporozoites of P. yoelii 2 wk later. Forty-two hours after challenge, the amount of parasite-specific rRNA in the liver was measured by a real-time PCR, and RNA copies were calculated by relative quantification based on endogenous GAPDH RNA. The quantity of parasite rRNA in nonimmunized mice was used as a control. (D) Groups of BALB/c mice (n = 5) were immunized with AdPyCS together with indicated amounts of each glycolipid, and 2 wk later, splenocytes were collected to determine the relative number of IFN-γ-secreting CD8 + T cells by an ELISPOT assay. (A and C) Data expressed as the mean ± SD of five mice. In all experiments, the results represent one of two similar experiments.
